Abstract Si micromolds are common for fabrication of polymer-based microfluidic devices by hot-embossing because of the well established fabrication methods for Si, e.g., deep reactive ion etching, for favorable surface finish and accuracy. The problems with low yield, poor reproducibility, premature failure and limited lifetime of a Si micromold are induced by high friction and surface adhesion generated during demolding. Therefore, Titanium (Ti) and molybdenum disulfide (MoS 2 ) coatings were deposited on Si micromolds via magnetron co-sputtering at various combinations of target powers to improve its surface properties. Coating composition, crystallographic orientation, roughness, critical load, hardness, friction coefficient and surface energy were measured by X-ray photoelectron spectroscopy, X-ray diffraction, atomic force microscopy, scratch testing, nanoindentation, ball-on-disc tribometry and the contact angle method respectively. A statistical design of experiment matrix was used to investigate the effect of the Ti and MoS 2 target powers on the friction coefficient and surface energy of the coatings. From this designed experiment, it was observed that increasing MoS 2 target power was associated with increasing surface energy and decreasing friction coefficient and target powers had statistically significant effects on these parameters. Crystallinity, roughness and hardness of the coatings increased with increasing Ti concentration. A mathematical model of the effects of Ti and MoS 2 target powers on the friction coefficient and surface energy of the coatings has been fit to the experimental results using the response surface method. Uncoated and MoS 2 -Ti coated Si micromolds were used in hot-embossing for a comparative study on replication performance of uncoated and various coated micromolds. Hotembossed PMMA microstructures showed that coating improve replication performance of Si micromolds. Si micromold coated with co-sputter of Ti and MoS 2 at power of 300 and 75 W respectively, showed better replication quality among the selected target powers.
Introduction
Tribological properties such as friction and adhesion are involved in all moving parts. Following modern technological trends toward miniaturization with dimensions measured at the micro/nano-scale, the effect of these surface properties have become more prominent (Stoldt and Bright 2006) .
Si is the most widely used material for the production of miniaturized mechanical components and devices (for example, micro-electromechanical system or MEMS) because complex micro-scale structures can be produced using well-established lithographic patterning and etching methods. Unfortunately, Si has poor mechanical and tribological properties, which precludes its use in systems that experience extensive sliding and rolling contact (Smallwood et al. 2006; Radhakrishnan et al. 2002; Patton and Zabinski 2002) . The high brittleness, adhesion force and friction coefficient of Si reduce system lifetime and rule out the use of motion limit structures such as micromotors or microgears. Practical micro-devices made of Si must be designed to circumvent these limitations. In order to achieve the full potential of micro-devices, it is necessary to modify silicon's surface properties to survive under conditions of significant rolling and sliding contact and extreme environments.
Silicon has also found wide use as a mold material in several micro-scale molding processes including hot embossing (Becker et al. 1999; Esch et al. 2003) , injection molding (Loke et al. 2007 ), micro powder injection molding (Fu et al. 2007) , and nanoimprint lithography (Schift 2008 ). Silicon's poor tribological properties can cause defects when separating the part from the mold (demolding) (Hirai et al. 2003; Hsueh et al. 2006; Fu et al. 2008; Dirckx 2010) . Several researchers have attempted to improve the tribological performance of silicon micromolds by applying surface coatings, including fluoropolymers (Hirai et al. 2001; Yeo et al. 2006; Gao et al. 2006 ) and hard coatings (Saha et al. 2009 (Saha et al. , 2010a . Because fluoropolymer coatings have been found to have limited lifetime (Jaszewski et al. 1999) , hard coatings have the greatest promise for improving the performance of silicon micromolds.
This work is aimed at improving the performance of silicon micromolds for producing polymeric microfluidic chips by applying anti-sticking MoS 2 and Ti coatings by DC magnetron co-sputtering. A combination of low friction coefficient and surface energy with high wear resistance make MoS 2 -Ti coatings suitable for a number of applications such as in aerospace, dry machining, ball bearings and others (Hilton and Fleischauer 1992; Spalvins 1974; Renevier et al. 2000) . These properties also make MoS 2 -Ti a promising candidate for micromold coatings. A clear understanding of the effects of deposition parameters on tribological properties such as coefficient of friction and surface energy is needed to facilitate the wider use of MoS 2 -Ti for micromolds.
Some researchers have studied the effect of relative percentage of Ti and MoS 2 in MoS 2 -Ti coatings in a traditional experimental design approach by varying one factor while keeping other factors constant (Gangopadhyay et al. 2009; Rigato et al. 1999 Rigato et al. , 2000 . While this approach is simple in execution, it does not address the complex relationship among deposition parameters and tribological properties. This approach also contributes little understanding of the process robustness. The statistical design of experiments approach is an effective method for investigating the effects and importance of many variables and their interactions in a complex process (Dirckx 2010; Wilson and Sullivan 2007; Ma et al. 2007) . In this work, a response surface analysis approach is used to systematically study the main and interaction effects of MoS 2 and Ti target power on the friction coefficient and surface energy of deposited coatings. This approach permits the development of mathematical models that relate process parameters to coating properties, enabling better process control and optimization.
Experimental

Design
A full factorial experimental design was carried out to evaluate the combined effects of process variables on the friction coefficient and surface energy of deposited coatings. This full factorial experimental design plan used MoS 2 and Ti target power as process variables. Settings for these are shown in Table 1 . Operating windows for target power were chosen based on the limits of the sputtering machine, understanding of the sputtering process and some preliminary trial runs. To check for nonlinear effects and to enable quadratic model fitting, a three-level design was selected. With three levels of two variables, a full factorial design requires nine different combinations of experimental parameters. Three replicates were preformed for each combination of deposition parameters, for a total of twentyseven experimental runs. Measurements of the properties of each deposited sample were repeated three times to ensure the reliability of the data. Statistical analysis was done using Minitab version 15 to perform regression analysis of the data and to estimate the coefficients of a quadratic model. Such a model is presented in Eq. 1,
where, y, b 0 and e are the measured response, intercept and error term, respectively. b i , b ii and b ij are the coefficients of the 1st order, 2nd order and interaction effects of the variables, x i ; x j respectively.
Deposition of coatings
Silicon micromolds of 3.2 9 2 cm 2 containing arrays of raised features 100 lm in height and width with a spacing of 500 lm were used as a deposition substrate. The MoS 2 -Ti coatings were deposited by using magnetron co-sputtering (AJA Orion 5) that using MoS 2 (MoS 2 , 99.99 %) and Ti (Ti, 99.99 %) as target materials at a pressure of about 3 mTorr for 60 min. Before they were introduced into the deposition chamber, the silicon micromolds were first rinsed with deionised (DI) water and methanol alternately for eight times to remove potential contaminants, followed by ultrasonic cleaning in ethanol for 20 min at 30°C. Prior to depositions, substrates were etched inside the sputtering chamber by argon (Ar) plasma for 20 min at a pressure of about 20 mTorr and a substrate bias of -250 V. During the depositions, Ar gas was introduced into the deposition chamber at a fixed flow rate of 12 sccm at 0 V substrate bias. During all deposition runs, the samples were kept at the center of the sample holder and were rotated at 20 rpm to maintain the uniformity of the coatings.
Fabrication of polymer balls
Polymethyl methacrylate (PMMA) (MH; Tecnik Polymers and Colourants) balls of 6 mm diameter were fabricated by injection molding (IM) to measure the friction coefficient between PMMA and different coated surfaces. The melt mass-flow rate, specific gravity and glass transition temperature of PMMA are 2 g/10 min, 1.19 and 115°C respectively. The material was pre-dried at 90°C for 5 h using a dehumidifying drier before molding. Process parameters such as injection temperature, pressure velocity and mold temperature were 310°C, 1100 bar, 900 ccm/s and 80°C respectively, which were chosen based on the previous work ).
Characterization
Coating thicknesses were measured using a KLA-Tencor profiler and XRD measurements were performed using a CuKa line source for 12.5°-80°.
X-Ray photoelectron spectroscopy (XPS) was used to study the chemical states of the coated samples using a monochromatic Al Ka excitation. Actual coating compositions were evaluated by surface etching for 15 min inside the XPS chamber.
Hardness and elastic modulus were determined by nanoindentation. Indentation depth was 150 nm with an allowable drift rate of 0.1 mm/s, and the frequency of indentation was 45 Hz.
Atomic force microscopy (AFM) (CSPM-4000) with a silicon nitride cantilever was used in tapping mode to study the surface morphology and roughness of the coatings under ambient atmospheric conditions inside a close chamber with a scanning rate of 0.7 Hz and a scan area of 5 lm 9 5 lm.
Scratch tests were performed using a microscratch tester (SST-101, Shimadzu) with a diamond tip of 15 lm radius, where the diamond stylus was pulled over the sample surface in a progressive loading mode with a scratch rate of 10 lm/s. This test was performed to quantify the adhesive strength between the coating and the substrate by evaluating the minimum normal load required to delaminate the coating, which is referred as the critical load.
The friction coefficient of the coatings was measured with a ball-on-disc microtribometer (CMS TM ) at room temperature using a PMMA ball of 6 mm in diameter. The balls were slid on each sample surface for 250 laps along a track of 1 mm in radius at a sliding speed of 5 cm/s and normal load of 1 N in.
Contact angles were measured with DI water and ethylene glycol droplets to determine the surface energies of the various coatings. The average value of three measurements was taken to calculate surface energy for each sample.
Microfluidic devices were fabricated by MIT own built hot-embossing setup using uncoated and coated micromold (Barletta et al. 2006) . Hot-embossing process is described elsewhere (Saha et al. 2010a, b) . 3 Results and discussion
Measured thicknesses of the coatings were in the range from 500 to 700 lm depending on the variation of Ti and MoS 2 target power. Higher target power leads to a thicker coating. Atomic percentages of elements in different coatings were found from their integrated net intensities in XPS spectra, which are listed in Table 1 . The atomic percentages vary depending on the relative power of the targets. Figure 1 shows XRD results for the nine different experimental conditions. Two XRD peaks at around 40°-70°are observed, which correspond to the MoS 2 (103) and Ti (103), respectively (Ma et al. 2009; Firouzi-Arani et al. 2010) . Full with at half maximum (FWHM) of the peak is inversely related to the crystal size (Kahraman et al. 2005) . A very sharp, narrow Ti XRD peak is observed when the relative percentage of the Ti target is higher. The FWHM of the Ti XRD peak increases along with the relative MoS 2 target power. This result implies that Ti is able to form large crystals when its relative atomic percentage is higher, while incorporation of MoS 2 disturbs the crystallization of the Ti matrix. An increase in MoS 2 peak height is observed with increasing MoS 2 target power because of the increase in the MoS 2 concentration.
The surface roughness of the coatings increases with higher relative percentage of MoS 2 target power, as shown in Fig. 2 . This phenomenon can be explained from the XRD results. The crystallinity and uniformity of the Ti matrix has been disturbed by the introduction of MoS 2 , as indicated by the broadening of the Ti peak. At the same time, MoS 2 also forms extra grains at higher relative MoS 2 target power, which causes an increase in the surface roughness.
The critical loads of different coatings are presented in Fig. 2 . Critical load gives a quantitative measure of the adhesive strength between the coating and substrate materials. Other researchers have evaluated the relation between residual stress, hardness with the critical load (Benjamin and Weaver 1960; Benayoun et al. 1999 ). Ichimura and Rodrigo (2000) experimentally found that critical load is proportionally related to the hardness of the coatings. Residual stress is generated from the structural mismatch, growth induced stress and thermal stress. Since the crystal structures of the coatings deposited in this study are almost the same (as shown in the XRD results) and deposition was done at room temperature, the residual stresses for these coatings are almost the same. Therefore, in this case the critical load is mainly influenced by the hardness of the coatings, which depends on the relative percentage of Ti and MoS 2 target power. Figure 2 shows a continuous increase of critical load with increasing Ti content. A large amount of small chips are observed in coatings containing a higher percentage of Ti, whereas larger spallation is observed in the coatings with higher content of MoS 2 . This observation indicates that coatings with higher Ti content are harder and more brittle, while coatings with higher MoS 2 content are softer.
Load-displacement indentation plots for the different coatings are shown in Fig. 3 . The maximum applied load varies from 1.5 to 5.5 mN, depending on the hardness of the coatings. Hardness values are on the order of MT1 (20.1 GPa) [ MT2 (14 GPa) [ MT3 (12.9 GPa) [ MT4 (9.5 GPa) [ MT5 (9.3 GPa) [ MT6 (7.4 GPa) [ MT7 (5.7 GPa) [ MT8 (5.2 GPa) MT9 (3.8 GPa). Since Ti is harder than MoS 2 , the hardness of the coatings increases with the Ti concentration.
The Ti and MoS 2 target powers vary from 50 to 100 W and 250 to 300 W, respectively. Over the above ranges of target power, the friction coefficient ranges from 0.18 to Table 1 . The results of the response surface regression using a central composite design are presented in Table 2 . All the terms of the regression model related to MoS 2 target power are highly significant, as values of the t-ratio (coefficient to standard error) and p (probability) are very large and small respectively. The higher order term related to Ti target power does not play a significant role, as their p value is very high. The calculated values of R 2 and R 2 (adjusted) were 99.1 and 98.8 % respectively, which indicate a strong correlation between the observed and predicted values of the response.
Analysis of variance (ANOVA) results are presented in Table 3 . These results also suggest that the regression model is highly significant as the calculated Fishers's f and probability p of the regression are 438.73 and 0.0 respectively. A large value of f indicates that variation of the response can be explained by the regression equation, and the associated p indicates the significance of the large f value. The p value is used to verify the significance of the coefficients of the regression model (Eq. 1) through testing the 'null hypothesis' (H 0 hypothesis). In common practice, a confidence level of 95 % (corresponding to a p value\5 %) is considered significant. The H 0 hypothesis is thus rejected and the factor is considered to have a significant influence when p B 0.05. On the sole condition that p B 0.05, the variance explained by the model is significantly larger than the unexplained variance. The polynomial quadratic model (second order response surface model) obtained by multivariate regression is as follows:
Where l, Ti and MoS 2 represent friction coefficient, titanium target power and molybdenum disulfide target power respectively. The validity of assuming a normal distribution of the data sets was examined by the graphical technique, for which the normal probability plots are shown in Fig. 4a . A good alignment of the data close to a straight line is observed, which suggests that the data are normally distributed. The histogram of the residuals in Fig. 4b shows an almost symmetrical distribution. Figure 4c shows a plot of the residuals versus the fitted values. The data are scattered randomly along both sides of the zero line without any pattern, and no predominance of positive or negative residuals can be observed. Randomization in scattering is also observed in Fig. 4d . All these results indicate a highly significant model fit. Figure 5 shows the response surface for friction coefficient with respect to the Ti and MoS 2 target powers. It can be seen that friction coefficient gradually decreases with the MoS 2 power, and increases with Ti power. MoS 2 act as a solid lubricant and since the percentage of MoS 2 in the coating increases with the MoS 2 target power, the friction coefficient of the coatings decreases with the MoS 2 target power (Donnet 1996; Xu et al. 2003) . From the surface profile plot it is also observed that, for a constant Ti power, friction coefficient decreases with increasing in MoS 2 target power. This is because of the solubility of Ti in the MoS 2 matrix increases with the MoS 2 concentration (Renevier et al. 2000) , which causes a decrease in the friction coefficient of the coatings. The surface energy of the coatings was determined by measuring the contact angle using water and ethylene glycol. Young's equation represents the relation between the contact angle and surface energy, as shown in Eq. 3 (Saha et al. 2010a; Owens and Wendt 1969) . 
where c sv , c lv and c sl are the free energies against vapor of the solid, liquid and interface respectively, h is the measured contact angle and p e is an equilibrium pressure of the adsorbed vapor on the solid, which are assumed to be zero in this case. Surface and interface energies have two components that are related through the following equations: 
After combining these equations, one obtains the relation between the dispersive and polar force with contact angle as presented in Eq. 9:
The surface energies of the different coatings were calculated from Eq. 9. The dispersive (c lm d ) and polar (c lv p ) components of surface energy for DI water are 21.8 and 51 dyne/cm, respectively. The dispersive and polar components for ethylene glycol are 29.3 and 19 dyne/cm respectively (Saha et al. 2009 (Saha et al. , 2010a .
As with the friction coefficient, the influence of Ti and MoS 2 target power on the surface energy were determined by regression analysis based on the experimental data presented in Table 1 . The fitted response from the experimental data is shown in Eq. 10:
Where s represents surface energy of the coatings. The estimated coefficients for the response surface regression and the analysis of variance results are presented in Table 2 and Table 3 respectively. The small value (\0.05) of probability p for most of the parameters indicates a good fit between the regression model and the measured surface energies. A larger probability value of 0.377 for the second order Ti target power effect is observed, which indicates that this higher order effect does not play a significant role in determining the surface energy of the coatings. The high value of the determination coefficient, R 2 (97.75) suggest that the model explains 97.75 % of the variation in the observed response.
A good alignment of data along the straight line in Fig. 6a and almost equal scatter on both side of the straight line in Fig. 6b , c is also observed, providing further evidence for the validity of the regression model. Figure 7 shows the relation of the Ti and MoS 2 target power with the surface energy. From this plot it can be seen that the effect of the MoS 2 target power is more pronounced compared to that of the Ti target power. Surface energy increases with the MoS 2 and decreases with the Ti target power.
Because of high adhesion and friction force, the uncoated micromold cannot be used for repetitive numbers of replication. Performance of uncoated and various MT coated Si micromolds was studied by hot-embossing to fabricate PMMA microfluidic device. Figure 8 shows PMMA microstructures after first hot-embossing. Damage and improper replication on the sidewall of the PMMA channel are observed using uncoated Si micromold as shown in Fig. 8a . Improvement in finishing at sidewall of the microchannels is observed using MT coated micromolds as shown in Fig. 8b-j . Distortion at the sidewall of the microchannels fabricated using MT9 to MT4 coated micromold continuously decreases. MT4 coated micromold shows better replication as compare to other coatings. According to Table 1, surface energy decreases from MT9 to MT1 therefore adhesion between PMMA and micromold decreases, which improves replication performance from MT9 to MT4 coated Si micromold. At the same time, coefficient of friction increases from MT9 to MT1 which further increases distortion at side wall of PMMA channels fabricated using MT3 and MT1 coated microchannels.
Conclusions
In this paper, an attempt was made to find the effect of sputtering power on the properties such as crystallinity, roughness, hardness and critical load of co-sputtered MoS 2 -Ti coatings. Complex relationships between the friction coefficient and surface energy and the target power using a statistical design of experiment method were also investigated. The concentration of Ti and MoS 2 in the coating depends on their relative target powers and the composition of the coatings influences their properties. Roughness and critical load of the coatings increases and decreases respectively with increasing relative percentage of MoS 2 target power. The coating labeled MT9 coating has a highest surface roughness (Rq) of 14.6 nm and the lowest critical load of 472 mN. The hardest coating, labeled MT1 coating, contains the highest percentage of Ti. The fitted response surface model indicates that the Ti and MoS 2 target powers both have a significant effect on the friction coefficient and the surface energy. The higher order term related to the Ti target power does not have a significant effect on the friction coefficient of the coatings. From the response surface model, the MoS 2 target power has a stronger effect than the Ti target power on the friction coefficient and surface energy. MT coatings improved replication performance of the Si micromold and MT4 coated Si micromold showed better replication among all other coatings.
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